Rates of sulfate reduction and denitrification were measured in the sediments of unacidified, experimentally acidified, and atmospherically acidified lakes in North America and Norway. These data, plus profiles of porewater and sediment chemistry, demonstrated that in all of the lakes Hb was being actively consumed by both sulfate reducers and denitrifiers. Both of these microbial activities were assayed in sediments overlaid by oxygenated water, demonstrating that anoxic hypolimnia are not required for in situ alkalinity production. Neither short term experimental acidification nor long term atmospheric acidification had detectably inhibited the activity of these two types of bacteria. Both processes were active at pH 4.5. In lakes that were receiving significant quantities of both nitric and sulfuric acids, short term H b consumption from denitrification was 1.5-2 times faster than H-' consumption by sulfate reduction. However on an annual basis, because of loss of reduced sulfur during fall and winter, long term H+ consumption by denitrification was estimated to be 4-5 times as large as H+ consumption by sulfate reduction.
Atmospheric deposition of nitric and sulfuric acids has increased during the last several decades in various regions of the world, endangering a wide variety of aquatic organisms (Natl. Res. Count. Can. 198 1). However, not all of the acid entering the watershed of a lake causes an increase in acidity. H+ ions are consumed by chemical weathering processes both in the terrestrial catchment area and in the lake itself. In acidsensitive regions of the world, these chemical buffering processes are of limited capacity because of the slow rate of chemical weathering.
In addition to chemical buffering, there are also biological mechanisms that provide buffering as long as the biological processes remain active and substrates are available. In the case of nitric acid, nitrate can be reduced to nitrogen gas by denitrifying bacteria or to organic material by photosyn-I Funded by NSERC grant A2671 and by the Department of Fisheries and Oceans, Canada.
2 Present address: Royal Ontario Museum, Univ. Toronto. thetic processes; both processes result in the consumption of H+ (alkalinity production) in an amount proportional to the consumption of N03- (Kelly et al. 1982) . Similarly, sulfate can be reduced by bacteria and stored either as iron sulfides (e.g. Berner 1984; Rudd et al. 1986) or as organic sulfides (Landers et al. 1983; Nriagu and Soon 1985; Rudd et al. 1986) . As long as these sulfurcontaining compounds remain reduced, there is a net consumption of H+ that is related to the net loss of SOd2-.
In the terrestrial catchment area, nitrate is normally retained much more efficiently than is sulfate (Likens et al. 1977; Jeffries et al. 1984) and most of the terrestrial biological alkalinity production involves nitrate reactions. However, eventually the terrestrial ecosystem appears to become saturated with nitrate, at which time nitrate retention in the watershed decreases from nearly 100% to about 13% (Likens et al. 1977) . At that point, both nitrate and sulfate enter the lake in large amounts.
Within lakes, nitrate and sulfate are reduced by algae or bacteria, providing additional alkalinity (Hongve 1978) . These microbial processes have been well studied in experimentally acidified lakes at the Experimental Lakes Area (ELA) in northwestern Ontario. In these lakes, H+ consumption by the sediment bacteria has maintained the pH of the epilimnetic sediments and the hypolimnion at levels well above the pH of the epilimnion (Schindler et al. 1980; Kelly et al. 1982 Kelly et al. , 1984 Kelly and Rudd 1984; Cook et al. 1986 ). Consequently, the epilimnetic sediments and the hypolimnion have acted as H+ sinks, providing important sources of buffering within the lakes (Schindler et al. 1980; Schindler and Turner 1982; Cook et al. 1986) . Until now, the denitrification and sulfate reduction processes have not been well studied in lakes that have been acidified via atmospheric deposition.
During the past few years we have studied porewater chemistry, denitrification, and sulfate reduction in acidified and unacidified lakes in three regions of North America and in Norway, with consistent methodologies at all sites. This comparative approach was used to address a number of questions regarding biological H+ consumption in lakes: Is the biological alkalinity production known to occur in experimentally acidified lakes at ELA also occurring in atmospherically acidified lakes? Does the low pH of severely acidified lakes (<pH 5.0) inhibit the microbial consumption of nitric and sulfuric acids? Can differences in rates of alkalinity production from lake to lake be related to characteristics of the sediments? In lakes receiving significant quantities of both nitric and sulfuric acids, what is the relative importance of alkalinity generation by denitriflers and sulfate reducers?
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Methods
Study sites-Microbial sulfate reduction and denitrification processes were studied in sediments of acidified lakes in three areas of North America and in southern Norway. Three of the four lakes in the Experimental Lakes Area, 223, 114, and the south basin of 302 (302S), have been experimentally acidified by additions of sulfuric acid beginning in 1976 , 1979 (Schindler et al. 1980 Schindler and Turner 1982; Schindler unpubl. data) . The fourth lake, the northern basin of Lake 302 (302N), has been acidified since 19 82 by additions of nitric acid (Schindler unpubl. data) . We compared biological alkalinity production in the experimentally acidified ELA lakes with alkalinity production in lakes in three other areas that are receiving acidic atmospheric deposition. Three lakes chosen from the Dorset area of southern Ontario (Chubb, Red Chalk, and Plastic) are being studied as part of the acid precipitation program of the Ontario Ministry of the Environment (LaZerte and Dillon 1984; Ontario Min. Environ. Data Rep. 83/7). Two acidified Norwegian lakes (Hovvatn and Lille Hovvatn) have been intensively studied by Wright and coworkers (Wright and Skogheim 1983; Wright 1984) . Hovvatn Lake was the site of a liming and reacidification experiment while Lille Hovvatn served as the control. Five lakes were sampled in the Adirondack Mountains of upper New York State. Two of these (Woods and Sagamore) were part of the ILWAS study (Galloway et al. 1980 (Galloway et al. , 1983 . Big Moose and Darts lakes were included in the RILWAS study of atmospherically acidified lakes White and Driscoll 1986) . Twitchell Lake, within 10 km of Woods Lake, was also chosen for our study because its epilimnetic sediments are highly organic and closely resemble those of ELA Lake 114 and the two Norwegian lakes. The pH of the surface waters of all of the lakes at the time of our sampling is given in Table 1. Measurement of porewater chemical profiles -Profiles of dissolved chemical species (SOd2-, N03-, Fe 2+, CH4, NH4+) were measured in sediment porewater at centimeter Table 1 . Epilimnetic concentrations and maximum and minimum concentrations of nitrate, sulfate, and hydrogen ion dissolved in the porewater of sediments. The depth of sediment sampled below the sediment-water interface is also shown. intervals with in situ membrane samplers (Hesslein 19763) . The samplers were deoxygenated by overnight exposure to nitrogen at 1 atm before they were placed in the sediments by diver. After a 7-day equilibration they were retrieved and the samples removed without exposure to atmospheric oxygen . Concentrations of the chemical species (Tables 1 and  2) were determined by the methods of Stainton et al. (1977) except for sulfate which was analyzed by ion chromatography. Duplicate cores, taken by diver, were used to obtain porewater pH profiles from measurements at 0.7-mm intervals made by mechanically inserting micro-pH electrodes into the cores with a motor-driven threaded rod assembly .
Measurement of sediment porosity-Porosity was calculated as the volume of water evaporated per volume of sediment. Wet and dry weights were taken of l-cm core slices, and the water volume was calculated from 1 g = 1 ml. The volume of dried sediment in each core slice was calculated from 2.6 g = 1 ml (the specific gravity of crustal material). This approach yielded the most accurate estimate of the total slice volume because of the difficulty of slicing cores precisely, especially in sandy material.
Measurement of porewater d#usion coefficients -Coefficients of porewater diffusion
were measured in the sediments of all the lakes sampled by using 3H20 added to the surface water of duplicate undisturbed cores which were then incubated at in situ temperature for 18-27 h. During incubation, the cores were put onto a 1 -rpm rotary shaker (ELA) or the surface water of the cores was gently stirred periodically (Norway, Adirondacks); this gentle circulation minimized the development of a concentration gradient of 3H,0 above the sediment-water interface without disturbing the sediments. After incubation, the cores were sliced at centimeter intervals. The slices were centrifuged and the concentration of 3H20 in the porewater was determined by scintillation spectrometry. The 3Hz0 diffusion coefficient was determined by using a finite-difference computer model in which the experimental data were compared with pro-files generated by the model for different trial values of the diffusion coefficient. Other inputs to the model were the measured sediment porosity and the initial 3Hz0 concentration of the surface water. Porewater diffusion coefficients for sulfate used to determine rates of diffusion across the sediment-water interface were calculated as follows: DS042-,= D3H20, x PO x X where DS0,2-, is the functional diffusion coefficient (cm2 s-l) for sulfate; D3H20, is the measured diffusion coefficient for 3H20 at in situ temperature; P, is the porosity of the sediment at a depth of 0 cm extrapolated from regression of the porosities of l-cm sections with depth; and X is the ratio, in water, of the rate of diffusion of sulfate to the rate of diffusion of 3H20 (Li and Gregory 1974; Hesslein 1976a) .
Estimation of net flux of SOd2-across the sediment interface-Net fluxes of SOd2-across the sediment interface were estimated from the functional diffusion coefficient for sulfate and the gradient of concentration with depth according to Fick's law:
where F is the flux of SOd2-across the sediment-water interface (peq m-2 d-l) and dcldx is the concentration gradient (peq cmp3 cm-'). Th is is an estimate of the net sulfate reduction rate because the concentration gradient would reflect both sulfate reduction and any reactions producing sulfate within the same sediment. The rate also reflects the contribution of all physical and biological factors affecting the diffusion coefficient, including bioturbation, because the value of the 3H20 coefficient was determined in fresh cores which included the normal benthic population (e.g. Sweerts et al. 1986 ).
35S042-reduction -Relative abundances of the short term end products of sulfate reduction were measured with 35S042-. Radiolabeled sulfate was either injected directly into undisturbed cores (Norway) or allowed to diffuse into undisturbed cores from the overlying water (ELA and Adirondacks). After an 18-24-h incubation at in situ temperature, the cores were sliced and the reduced 35S was separated into acid volatile sulfur, chromium reducible sulfur (FeS, + SO), and organic-35S fractions ). Total reduced 35S was calculated by summing the above three fractions. The percentage of 35S042-reduced in each slice was calculated from the total 35S in each slice and the amount of reduced 35S.
Rates of denitbjication -Nitrate in the Measurement of decomposition rates in porewater of sediments was depleted to sediments-Rates of organic matter decombackground levels within l-2 cm of the sediment-water interface. With such a steep position and alkalinity production by sulfate-reducing bacteria in sediments taken gradient near the sediment surface, denitrifrom ELA Lakes 302s and 114 were comfication rates are most accurately estimated pared. The top 2-3 cm of sediment from by mixing 15N03-into the surface water of each lake were incubated at in situ temperintact cores since (based on measured "H,O ature by the laboratory method of Furutani . diffusion coefficients) the 15N03-equilibrates with unlabeled nitrate in -the nearsurface porewater within the first l-2 h of the 18-24-h incubation. The cores consisted of 10 cm of sediment plus 10 cm (200 ml) of overlying surface water. They were sealed without an airspace and incubated at in situ temperature with, again, gentle rotation to prevent the development of concentration gradients above the sedimentwater interface. Oxygen concentration in the surface water was reduced by not more than 30% during incubation. After incubation, the nitrogen gas produced was extracted from the surface water and from the interstitial water by exchanging it with N2 of a known 15N: 14N ratio. The atomic ratio of this extracted gas was determined by mass spectrometry (MicroMass 602E). In some cases, the l 5N03 -added to the surface water of the cores increased the in situ nitrate concentration significantly (> 20%). In these instances, because the rate of denitrification in sediments is controlled by the concentration of nitrate in the overlying water (Andersen 1977) , the in situ rate was estimated by adjusting the measured rate downward by the appropriate factor. (1 Functional SO,'-diffusion coefficient. # Calculated using average functional sulfate diffusion coefficient of the Howatn lake sediments. II July 1983 SOaz-data used for calculation. ** Calculated using June 1984 diffusion coefficient. w Calculated using average Lake 302s and Lake 223 functional sulfate diffusion coefficient. POROSITY (vol /vol) Fig. 1. Porosity profiles of the two types of sediments studied. Highly organic sediments that had consistently high porosities with depth were found in ELA Lake 114 (III), Howatn Lake (O), and in Lille Hovvatn ( Table 2 ). All of the other lakes sampled including Big Moose (-I-), and ELA Lake 302s (A) had epilimnetic sediments that were much less organic and porous.
(Tables l-3 summarize the physical and chemical characteristics of all of the sediments sampled.) et al. (1984) . During the incubations decomposition rates were determined from the accumulation of CH4 + C02. Sulfate reduction and H+ neutralization rates were determined by monitoring sulfate and H+ loss from the sediment porewater.
Results
Sediment d@usion -Two distinct types of epilimnetic sediments were sampled. The first was highly organic (Table 3) , had a small grain size, and water content >95%. This type of sediment was found in the Norwegian lakes, in ELA Lake 114 and in Twitchell Lake. The second type, found in all the other lakes, was predominantly inorganic sandy sediment (Table 3 ) that had a larger grain size. The water content and porosity of the inorganic sediments were much lower than those of the highly organic sediments, and the porosity decreased with depth from the surface (Fig. 1) .
In Fig. 2 we compare a measured 3Hz0 profile with model-generated profiles using three trial diffusion coefficients between 1 .O and 1.4 x 10m5 cm2 s-l. In this case, the trial diffusion coefficient of 1.2 x 1 Oe5 was the best fit and was chosen as the apparent diffusion coefficient. Whole sediment (functional) diffusion coefficients for 3H20 were quite similar in all of the lakes, with most values falling between 1 .O and 1.3 x 10e5 (Table 3) .
Porewater chemistry-The similarity of diffusion coefficients at the sediment-water interfaces of all of the sediments means that lake-to-lake comparisons of chemical gradients can be used as indicators of relative fluxes across the interface. The steeper the gradient, the higher the flux.
Minimum and maximum concentrations of the chemical species in the porewater of each of the lakes sampled and the sediment depth interval over which they were sampled are listed in Tables 1 and 2 . Examples of profiles of the sediment porewater chemistry from each of the regions are shown in Fig. 3 . In lakes having significant nitrate concentrations in the epilimnetic water (Hovvatn and the Adirondack lakes, Lake 302N following experimental nitric acid additions), the nitrate was quickly consumed as it diffused into the sediments. The Lake 302N profile shown in Fig. 3A was taken before acidification; its similarity in shape and depth of penetration to those of the already acidified lakes suggests that the denitrifying microorganisms either have not been markedly affected by acidification or have adjusted to the low pH. Ammonium concentrations were much higher in the sediments of acidified and un- , and ELA Lake 302 (V). Sulfate and iron concentrations are given for Lake 302s for August 1984, 2 years after experimental acidification by sulfuric acid began. The pH of the epilimnetic porewater of Lake 302s is shown for September 198 1, before acidification. A porewater nitrate concentration profile is shown for Lake 302N 2 years after experimental acidification with nitric acid began.
acidified ELA lakes than in any of the other lakes ( Table 2) . Concentrations of dissolved iron were high in most sediments sampled, usually exceeding 100 PM at a depth ~4 cm ( Fig. 3B; Table 2 ); peaks were often observed at 3-6-cm depth. Two of the Adirondack lakes (Sagamore and Big Moose) had maximum iron concentrations very much lower than those of the other lakes ( Fig. 3B; Table 2 ); in these lakes there was no gradient in porewater iron with depth in the sediment.
Sulfate concentrations decreased with depth in most lakes ( Fig. 3C ; Table l), indicating a net sulfate consumption in the sediments. This was not the case in the two lakes in southern Norway. At the 5-m site in Lille Hovvatn (Fig. 3C) and the 2-m site in Lake Hovvatn (Table l) , we found peaks in sulfate concentration at 1.5-and 3.5-cm depth below the sediment-water interface, and the concentrations of sulfate at these peaks were higher than in the overlying epilimnetic water. There was also a peak in sulfate concentration at the sediment-water interface of the 5-m Lake Hovvatn site (Fig.  3C ). The peaks in sulfate concentration at these three sites indicated net production within the sediments and loss to the overlying water at the time of our sampling. At 2-m depth in Lille Hovvatn there was no detectable sulfate gradient in the sediments. There were also large differences in the pH of the porewater between the Norwegian lakes and the other lakes. For example, in the acidified Adirondack and Dorset lakes and the experimentally acidified ELA lakes there was a steady increase in pH with depth into the sediments (Figs. 3D, 4 ; Table 1): the pH of the porewater exceeded 6.0 by 3 cm deep. In lakes where the epilimnetic pH was above 6.0 (Chubb Lake during fall; Lake PH Fig. 4 . Profiles of porewater pH in the epilimnetic sediments of ELA Lake 223 after 5 (Cl) and 9 years (+) of experimental acidification and of Lake 114 before (0) and after 2 (A) and 4 (0) years of acidification. (Tables 1-3 give the physical and chemical characteristics of these sediments.) 302N before acidification; Fig. 3D ) there was a characteristic pH minimum at the sediment-water interface, increasing with depth into the sediments. In Hovvatn and Lille Hovvatn the pH was very much lower than in the North American lakes (about 4.5 vs. >6.2). In fact, at the time of our sampling, the pH of the sediments in the Norwegian lakes was lower than that of the epilimnia. Thus, the sediments were acting as a source of acid to the epilimnia. We have never observed this in any other lake.
Nitrate and hydrogen ion consumption at the sediment-water interface of the Adirondack lakes was very rapid and could be easily measured in the surface water of cores after a few hours incubation at in situ temperature. For example, cores taken from Darts Lake consumed H+ at a rate of 556 pmol m-2 d-l (Table 4) . Most of this H+ consumption was due to denitrification at the sediment-water interface. In Darts Lake the nitrate loss rate was more than half the rate of the H+ flux into the sediments (Table 4) .
Rates of denitr$cation and sulfate reduction -Denitrification was undetectable in the Dorset lakes, and in the ELA lakes that were not receiving experimental additions of nitric acid (Table 3) , because of the extremely low epilimnetic concentrations of nitrate (Table 1) . In all of the other lakes, with higher epilimnetic nitrate concentrations, denitrification was easily detectable. Rates measured with 15N0,-varied from 232 to 602 ,ueq N03-m-2 d-l (Table 3) . Denitrification rates in Lake 302N, which in 1984 had received nitric acid additions for only 2 years, and which had a relatively high pH (6.33), were similar to those in the Adirondack and Norwegian lakes that had been acidified for many decades.
Net rates of sulfate reduction in the experimentally acidified ELA lakes were similar to those in the Adirondack and Dorset lakes, with the exception of Sagamore Lake which had a rate at most half that of all the other lakes. Although 35S0,2-was being actively reduced (gross sulfate reduction) in all of the lakes sampled ( Fig. 5; unpubl. data), sulfate production in the sediments of the Norwegian lakes either exceeded or equaled sulfate reduction at the time of our sampling (Fig. 3C) . This resulted in a net flux of from 0.0 to 248 peq m-2 d-l of sulfate out of the sediments and into the overlying water.
In lakes with significant nitrate concentrations and where there was a net con- Table 5 . Comparison of rates of decomposition and acid consumption per volume of sediments in two ELA lakes whose epilimnetic sediments were highly organic (Lake 114) and highly inorganic (Lake 302s). Rates of microbial activity-We conducted experiments to compare rates of sulfate reduction and microbial activity (decomposition) in highly organic sediments with rates in highly inorganic sediments. Sediments from Lake 114 and Lake 302s are representative of these two types (Table 3) . Surprisingly, even though the percent organic carbon by weight was 16 times higher in the organic sediments, the quantity of organic carbon per unit volume (pm01 C liter-l) was higher in the inorganic than in the organic sediments (Table 5) . Probably because of this, the rate of decomposition per unit volume was much faster in the inorganic sediments. Sulfate reduction and H+ consumption were also much faster, per unit volume, in the inorganic sediment. Much more acid had to be added to the inorganic sediment to maintain a pH of 5.0-5.2 than was necessary for the highly organic sediment (Table  5) . However, the amount of acid consumed per mole of carbon decomposed was similar in the two sediment types.
Discussion
This study of rates of microbial processes in lake sediments was based on isotopic tracer techniques and on estimates of the diffusive flux of electron acceptors into the sediments. In the case of sulfate reduction, we chose to determine net rather than gross rates (e.g. Jorgensen 1980), because we wanted to use these rates to estimate net rates of H+ consumption by sulfate reduction. It is possible to estimate net rates of sulfate reduction from diffusive fluxes of sulfate because sulfate reduction is a strictly anaerobic process which occurs below the sediment-water interface and because the concentration gradient is determined by the diffusion rate and the net rate of reduction (i.e. gross sulfate reduction minus S reoxidation to sulfate) within the sediment. Denitrification rates were quantified by the l 5N technique because about half the denitrification occurs at the sediment-water interface, so that estimates of denitrification calculated from porewater profiles underestimate actual rates (C. A. Kelly et al. unpubl. data) . Our estimates of N2 production made by using 15N are probably close to net rates of N2 production, because the reverse reaction, nitrogen fixation, is likely to be slow in these lakes which have an excess of fixed nitrogen in the form of nitrate.
Because the measured rates of 3H20 diffusion at the sediment-water interface were very similar in all of the lakes (Table 3) , we also used the concentration gradients of nitrate as relative indicators of rates of nitrate reduction in both acidified and unacidified lakes.
In the lakes that we examined, several decades of atmospheric acidification have not severely affected the microbial activities responsible for denitrification and sulfate reduction. For example, rates of denitrification in Lake 302N, which had been receiving acid for only 2 years and was still at a relatively high pH (6.33), were similar to those in the Adirondack lakes and the severely acidified Norwegian lakes (pH 4.5, Tables l-3). The conclusion is supported by the similarity of the porewater nitrate profiles in all the lakes, also indicating similar nitrate reduction rates. The 35S measurements showed that sulfate reduction was actively occurring in all the sediments. Even in the Norwegian lakes, at pH 4.5, >90% of the 35S0 4 2-added to the lower depths of epilimnetic cores was reduced during incubation (Fig. 5) . This is the first report of sulfate reduction in lake sediments at such a low pH. Sulfate reduction has also been observed in acidic bogs (Rippon et al. 1980) .
The 5-m Hovvatn site was a good example of the tolerance of the microorganisms to low pH (4.5). Porewater profiles of nitrate and iron were very similar to those observed in unacidified ELA lakes ( Fig. 3 ; Tables 1, 2 ). In addition, 13 cm deep in the sediment, where sulfate concentrations were quite low (Fig. 3C) , methane concentrations reached 160 pmol liter-l. Production of methane in anaerobic environments is indicative of balanced microbial metabolism (Rudd and Taylor 1980) . Taken in total, our evidence demonstrates tolerance of various bacterial activities to pH 4.5. The great diversity of bacterial species and the fact that bacteria can adapt to extreme environmental habitats which other organisms cannot tolerate are probable explanations for these observations. In short term laboratory experiments and whole-lake acidification experiments, we have found a decrease in the rate of decomposition below pH 5, but only in the decomposition of certain forms of organic carbon . Long term exposure of sediments in lakes to pH 4.5 may result in a microbial population well adapted to this pH, as has been observed for nitrate reducers in soils (Parker et al. 1985) .
In the 14 lakes examined we found no simple relationship between nitrate concentration and denitrification rates or sulfate concentration and sulfate reduction rate (Tables 1, 3 ). Such a relationship between concentration and rate has been observed for both denitrification (Andersen 1977 ) and sulfate reduction (Cook and Schindler 1983) for single lakes or a small group of ELA lakes . However, when comparing lakes in this large group, we often observed different rates for similar nitrate or sulfate concentrations (Tables 1,   3 ); 'this was also seen by Andersen (1977) in six lakes. The sediments with the highest carbon content, measured as content in mmol per volume of sediment rather than as % dry wt (Lake 302, Big Moose, Woods, and Darts lakes, calculated from Table 3 ) tended to have higher nitrate and sulfate reduction rates, but there were exceptions.
Thus there is no obvious way to precisely predict denitrification or sulfate reduction rates from nitrate or sulfate concentrations in lake water. However, average relationships between concentrations and rates calculated from our data have been used successfully to model biological H+ consumption in acidified lakes ). This model was successful because large differences in water residence time among lakes made this parameter the most important one in predicting biological H+ consumption in acidified lakes.
Although sulfate was being actively reduced in all of the sediments ( Fig. 5 ; Table  l) , peaks of sulfate concentration at or below the sediment surface of three sites in the Norwegian lakes ( Fig. 3C and Table 1) suggested that at the time of our sampling sulfate reduction was slower than production of sulfate by reoxidation of reduced sulfur. Because sulfur oxidation results in the production of H+ (the opposite of H+ consumption which occurs during sulfate reduction), reoxidation of sulfur is probably the reason that these sediments had a lower pH than the overlying water ( Fig. 3D ; Table  1 ). The sulfate peaks in the Hovvatn sediments could have been a short term, seasonal occurrence resulting from a period of rapid autumn cooling (4"-5°C per week) during our week of sampling. Rapid cooling of surface water can cause flushing of the top few centimeters of sediment with oxygenated surface water (Hesslein 1976a; Musgrave and Reeburgh 1982; Hecky et al. in press) and could have resulted in the deeper penetration of oxygen into the Hovvatn sediments and in the sulfate peaks that we observed (Table 1 ; Rudd unpubl. data). However, we have never found sulfate peaks or low pH during periods of rapid cooling in other lakes.
Slow rates of microbial activity in the Hovvatn sediments could also have been a contributing factor to deeper oxygen penetration and thus to sulfate production there. During a second trip to the Norwegian lakes in 1985, we found that rates of microbial activity in the sediments were unusually slow and appeared to be related to a low rate of supply of organic carbon to the sediments of these oligotrophic lakes, not the low pH of the sediment porewater. An additional reason for the low microbial activity could have been the highly organic nature of the Hovvatn sediments. We have evidence that highly flocculent-organic sediments like those in the Norwegian lakes are not as active microbially per unit volume as are compact inorganic sediments (Table 5 and unpubl. comparisons of whole-lake decomposition rates). A lower per unit volume of microbial activity would allow periodic invasion of oxygen and the consequent production of sulfate that we observed in the Hovvatn sediments.
We also have in situ evidence that microbial activity and consumption of acid in highly organic sediments is not as rapid as in highly inorganic sediments. For example, in Lake 223, the pH of highly inorganic epilimnetic sediment has remained near preacidification values during the 1 O-year acidification experiment ( Fig. 4 ; Kelly et al. 1984) . In contrast, the pH of the highly organic sediments in Lake 114, which has been acidified for only 3 years, has declined progressively as the experiment has proceeded (Fig. 4) . Another example of this is obvious in a comparison of sulfate fluxes to Lake 114 and Lake 302s sediments. By August 1984, when experimental acid additions had increased the epilimnetic sulfate concentration of Lake 302s to that of Lake 114, sulfate flux into the highly inorganic Lake 302s sediments was much faster than into the organic sediments of Lake 114 (Tables 1  and 3 ). Thus, the type of sediment in a lake seems to be a factor determining alkalinity production from sulfate reduction. The Hovvatn data also suggest that in some lakes there may be periodic pulses of H+ into lakes from the sediments, with effects analogous to those that have been observed during spring snowmelt.
Our present understanding of annual alkalinity generation in sediments by denitrification and sulfate reduction is summarized in Fig. 6 . This model was constructed for sediments that are receiving significant quantities of both nitric and sulfuric acids, and all quantities are expressed relative to 100 equivalent units of nitrate denitrified annually. In most sediments, summer rates of alkalinity production by sulfate reduction were 50-6'7% slower than by denitrification (Table 3 ). The core incubation data (Table  4) are a direct demonstration of this. The alkalinity produced by denitrification is assumed to be permanent (see earlier discussion), but the fate of reduced sulfur is more complicated. Sulfate is reduced in the sediments to both inorganic and organic forms (Landers et al. 1983; Nriagu and Soon 1985; Rudd et al. 1986) . 35S experiments have shown that initially the formation of organic S predominates over that of inorganic sulfides (53 vs. 47%). However, with time, in situ 35S experiments at ELA have demonstrated that inorganic sulfide is reoxidized and lost from the sediments to a greater degree than is organic S. This leads to a predominance of organic-S accumulation in sediments, and an annual retention of about 45% of the total S initially reduced ). We estimate therefore that on an annual basis net sulfate reduction would occur at only about half the rate measured initially during summer. Thus net annual H+ consumption by sulfate reduction would be only a fourth to a fifth of H+ consumption by denitrification in lakes where the input of both nitric and sulfuric acids is important (Fig. 6) .
In answer to the questions asked at the start, we have found that biological alkalinity production, which has been observed in short term whole-lake acidification experiments at ELA, occurs commonly in lakes in other regions of the world that have been acidified for several decades by atmospheric deposition. Consumption of nitric and sulfuric acids occurs in sediments that are overlain by oxygenated water as well as in anoxic hypolimnia. In the severely acidified lakes in the Adirondack Mountains and in Norway, low pH has not detectably inhibited nitrate and sulfate reduction. We found evidence that sediments with higher carbon content per unit volume had greater potential for microbial alkalinity production. On an annual basis, in lakes that are receiving significant inputs of both nitric and sulfuric acids, it appears that alkalinity production from denitrification will be at least 4-5 times greater than alkalinity produced by sulfate reduction.
